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A B S T R A C T   

In the remote maintenance of fusion nuclear devices, one of the most challenging tasks is the cutting and the re- 
welding of large pipes that feed the breeding blanket. The narrow space around some of the pipes hinders the 
suitability of conventional orbital processes. For such pipes, both the cutting system and the welding one have to 
be compact enough to move along their interior, lock against the pipe inner wall and keep the position during the 
operation. The inner diameter and thickness of the pipes together with the other severe requirements related to 
the remote maintenance drive the choice of the processing technologies and the design of the tooling configu
ration. In this work, activities carried out by a joint team from EU-DEMO and CFETR on the in-bore cutting and 
welding operations are presented and discussed. For the in-bore cutting system a solution for the simultaneous 
parting and bevelling has been developed opting for a mechanical cutting with a pair of symmetrically 
distributed knives. A preliminary dimensioning of the motors has been made assuming the radial feed and the 
cutting speed of the knives. For the in-bore welding system, the TIG welding with filler wire has been considered 
as the most reliable and suitable technology within prescribed requirements and constraints. A multi-pass 
welding operation has been assumed. A conceptual design of both tools has been developed. The space 
constraint remains the most critical issue. Further verification and validation work is planned in close collabo
ration between European laboratories and the Comprehensive Research fAcility for Fusion Technology (CRAFT) 
at ASIPP in Hefei.   

1. Introduction 

One of the key aspects for the achievement of the goals set by the 
demonstration fusion nuclear plant DEMO is the achievement of a sys
tem for a regular, rapid, and reliable maintenance of the plant. Amongst 
several challenging engineering tasks that have to be taken into account, 
there is the remote replacement of a large number of pipes connected to 
the breeding blanket. In the pre-concept design phase of DEMO, mainly 
two dimensions of the pipes were proposed, namely the DN90 and the 
DN200 [1]. These pipes have to be cut and re-weld during the replace
ment and, the extreme conditions in which the remote maintenance task 
has to be carried out, require specific technologies and approaches. 

There are several requirements, especially in terms of available space, 
that make conventional tooling not suitable for the specific application 
[2,3]. In particular, due to space constraints related to the plant archi
tecture, conventional external orbital operations cannot be carried out 
for some of the pipes to be replaced [4]. Thus, cutting and welding 
operations have to be done with in-bore tools moving inside the pipe. 

The challenge to operate from the interior of the pipe was already 
faced by researchers in the ROBERTINO facility (heavy robotics facility) 
who demonstrated the feasibility of such processes for the ITER project 
[5]. The task was performed by mechanical cutting and tungsten inert 
gas (TIG) welding on AISI 316 L steel pipes with 50 mm of inner 
diameter and 2 mm thickness. The tools were locked in position by 
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means of inflatable plugs [5]. In the framework of the ITER project, a 
comparative study of TIG and laser welding was also conducted on AISI 
316L pipes with 48.26 mm of outer diameter and 2.77 mm thickness. A 
single pass welding without filler material was performed and the pipes 
were positioned horizontally. Results of this latter experimental activity 
showed that both welding technologies were feasible with peculiar 
benefits and drawbacks of each. In particular, the TIG welding could 
tolerate higher misalignments and gaps (between the pipes to be 
butt-joined) than the laser welding could. Also, TIG produced less 
spattering and fumes. On the opposite, the laser welding tool had a 
longer lifetime than the TIG one (the electrode should be replaced more 
frequently) and it allowed using a lower heat input, reducing the heat 
affected zone and assuring a better re-weldability of the pipe [6]. Laser 
processing, both for cutting and welding with and without filler mate
rial, was also studied for AISI 316L pipes with thickness ranging from 3 
mm to 7.6 mm. The use of a filler wire in laser welding allowed to in
crease the gap tolerance. In laser cutting experiments, a large amount of 
dross (recast material) below the cut kerf and attached to the pipe wall 
was reported [7]. In the DEMO scenario, in-bore solutions for cutting 
and welding of pipes was explored in the development of the Service 
Joining Strategy [8]. Experimental laser cutting and welding trials on 
pipes with a 3 mm thickness were conducted both on P91 and AISI 316L 
steels [9]. Hybrid laser-laser welding was also investigated for P91 and 
Eurofer97 steels (pipes 6 mm in thickness) to reduce the cooling rate 
after welding and enhance mechanical performance of the joints [10]. 
Mechanical cutting was also explored for a AISI 316 L steel pipe with an 
inner diameter of 42.72 mm and a thickness of 2.77 mm. Both swaging 
(based on a continuous plastic deformation of the material without 
swarf production) and machining (by a face mill with six tips) were 
explored reporting, in both cases, a good surface finish suitable for 
subsequent welding [11]. 

While the relatively small diameter of the DN90 pipes represents a 
critical aspect in terms of space constraints for in-bore cutting and 
welding operations, the relatively large thickness (15-16 mm) of the 
largest pipe (DN200) set other challenges for making those operations 
feasible, reliable and accurate enough. While conventional cutting and 
welding of such thicknesses is reported in literature, the specific working 
configuration in the DEMO architecture, requires ad hoc designed 
equipment. 

The aim of this work is to identifying potential technologies and 
tooling for in-bore cutting and welding of the large pipes developing a 
conceptual design based on the effective conditions in which the cutting 
and the welding tools have to operate. In this article, the work is focused 
on DN200 pipes and the authors report results achieved within the 
collaboration between European laboratories and the Comprehensive 
Research fAcility for Fusion Technology (CRAFT) at ASIPP in Hefei, 
China. 

2. Requirements, boundary conditions and assumptions 

In the remote replacement of pipes, main requirements for the cut
ting and welding operations and for the related tooling can be summa
rized as follows:  

• reliability of the processes and of the equipment  
• recoverability with no personnel access  
• minimal or no debris  
• minimal processing time  
• cut and weld as close as possible to the blanket segment  
• no assisting fluid that leaves residual contaminants  
• parallel cutting and welding operations (on more than one pipe a 

time) 
• cutting: sufficient edge quality and suitable kerf geometry for sub

sequent welding 
• welding: minimal thermal distortion, sufficient gap and misalign

ment tolerance, structural integrity of the weld seam. 

The abovementioned requirements lead in themselves to very 
restrictive conditions in which all the designed systems have to operate. 
Nevertheless, the boundary conditions strictly related to the nuclear 
plant environment put further constraints in terms of eligible cutting 
and welding technologies as well as for feasible electro-mechanical 
systems that have to drive the tools before, during and after the 
parting and joining processes. For instance, radiation tolerant materials 
have to be chosen considering the overall exposition time related to the 
remote maintenance operations involving a specific component of the 
system, since the radiation dose rate after the machine shutdown is not 
negligible [12]. As already mentioned in the introduction, the need to 
act from the interior of a pipe set very stringent space constraints. As 
Fig. 1 shows, a “pipe forest” has to be removed and, this operation re
quires orbital cutting as well as in-bore cutting operations to separate 
permanent pipes from the ones that should be replaced [13]. 

In this scenario, the presented work focusses on DN200 pipes, 
assuming a wall thickness of 16 mm made of AISI 316 L steel. The 
maintenance sequence involves the pipe caps removal in their upper end 
by means of a dedicated transporter. Thus, for both the cutting and the 
welding tools a straight pipe to be entered and processed was considered 
assuming a simple deployment system able to drive the tools in position 
on a straight portion of the pipe. No pipe alignment system was designed 
for the welding operation since an external conical coupling was 
assumed on the external wall of the pipes [13]. Main assumptions on 
process parameters (cutting speed, feed rate, welding speed to cite a few 
of them) are related to similar application and similar materials to be 
machined due to the lack of specific data for the particular application 
[14,15]. Also, the chip evacuation and collection during the cutting 
operation was assumed taking into account similar applications but 
having no data for the specific processing configuration. 

In Fig. 2, a schematic representation of the cutting and welding 
configurations is reported. 

The calculation of the material to be removed (by mechanical cut
ting) and the one to be filled during welding takes into account the re- 
use of the upper part of the pipe and the disposal of the lower part 
(connected to the breeding blanket). For this reason, the bevel angle (for 
weld preparation) is created during the cutting only on the upper part of 
the pipe while the lower part, after replacement, is thought to be put in 
place with a bevel already created on the new pipe connected to the new 
breeding blanket segment. 

3. In-bore cutting tool 

Due to the large thickness of the DN200 pipe, swaging was not 
considered as a viable solution since the plastic deformation of such pipe 
walls would require too large forces to be achieved with an in-bore tool. 
Laser cutting was also excluded for this cutting operation due to the 

Fig. 1. Permanent pipes (in grey) and pipes to be removed (in magenta) during 
the remote maintenance task. Both orbital (from the exterior) and in-bore (from 
the interior) cutting were assumed. 
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difficulty in reaching a bevel of sufficient quality for subsequent weld
ing, to the potential risk of having a large dross on the external side of 
the pipe and to the large amount of laser power needed for such a 
thickness value. In the developed conceptual design, the severing pro
cess of the pipe involves a progressive mechanical cutting in which a 
simultaneous parting and bevelling operation is carried out starting 
from the inside diameter (ID) and ending on the outside diameter (OD). 
A couple of tool bits (one for the parting and one for the bevelling) are 
positioned on the opposite sides of a rotating cross with an automatic 
feeding system (similar to the one commonly used in orbital pipe cut
ting) that allows them to move outward in the radial direction. Even 
though the tool bits, the tool holders and the feeding system have not 
been designed yet, the required space for their positioning is guaranteed 
by the available length of the arms of the rotating cross on which all the 
cutting system can be installed and along which the feeding can be 
applied. The position of the parting tool bit along the pipe axis is slightly 
offset with respect to the bevelling one in order to create a Y-shaped cut 
edge only on the upper part of the pipe (see Fig. 2). 

All the system is kept in position by a double supporting system 
acting against the pipe inner walls with three contact pads each, moving 
radially outward to engage the pipe internal walls. The position system 
is driven by a vertical actuator located in the upper part of the system 
(Fig. 3a). 

A preliminary dimensioning of the motors driving the cutting tools 
was made assuming the radial feed and the cutting speed and calculating 
the cutting force and the required torque based on the material prop
erties and the cross (undeformed) section of the resulting chip. Several 
configurations of process parameters were considered following a con
servative approach. Main pieces of information that are still missing to 
remove some uncertainties on the cutting operation are actual process 
parameters and cutting conditions: optimal values of the cutting speed 
for simultaneous parting and bevelling from the ID to the OD, of the 
radial feed rate, of the width of the parting tool, type and movement of 
the chip, tool life/wear in the specific geometrical configuration and in 
dry cut conditions or with air cooling. An air diffuser (Fig. 3c) to push 
down the chips and cool down the cutting area was designed. As already 
said, no cutting fluids shall be used to avoid contaminations of the area. 

Starting from data related to process parameters adopted in similar 
orbital cutting operations, a cutting force in the order of 103 N, a cutting 
torque of approximately 400 Nm and a net power of 3 kW were esti
mated. In order to achieve such performances, commercially available 
electric motors appeared to be not compact enough to work inside a 
DN200 pipe. Thus, three pneumatic motors in a 120◦ configuration 
(Fig. 4) were considered and an internal cylindrical gear was dimen
sioned to fulfil the torque requirement on the rotating cross where the 
tool bits shall be mounted (Fig. 3d). Pneumatic motors are already used 
for conventional orbital operations and are commonly controlled by 
regulating the pressure and the flow of compressed air, which in turn 
affect the power and the rotating speed. A detail of the reduction gear is 
depicted in Fig. 5. 

With the assumptions made, the volume of the material to be 

Fig. 2. Schematic of the material to be removed by cutting and to be filled by 
welding (Not To Scale). 

Fig. 3. Cutting system for in-bore operation and main components: (a) pneu
matic cylinder to engage the friction pads, (b) friction pads of the supporting 
system, (c) air diffuser to push down the chips and cool down the cutting area, 
(d) cutting cross on which cutting tool bits and the feeding system are located 
(not drawn), (e) chip collector with air cushion and screw compactor. The three 
pneumatic motors are in grey and blank in the central part of the system. 

Fig. 4. Section of the cutting system with the three motors in a 120◦

configuration. 
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removed VRduring the cutting operation can be calculated by Eq. (1): 

VR = π
{
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(1)  

where w is the width of the parting tool, h is the height of the bevel root, t 
is the thickness of the pipe and α is the bevel angle. Assuming feasible 
values of w, h and α, a value of VR in the range 8.0 × 104 and 1.0 × 105 

mm3, that corresponds to a removed mass of approximately 800 g for 
each pipe, was estimated. 

This mass is the same that shall be collected, for each pipe, in chip 
form and that occupies a significantly higher volume than VR. A chip/ 
debris collector with a screw compactor was then designed in the lower 
end of the system, able to engage the internal pipe walls and to 
constraint its rotation by means of an inflatable annular air cushion 
(Fig. 3e). 

4. In-bore welding tool 

The correct implementation of the welding process after the cutting 
and the replacement of the pipes is critical since, after this joining 
operation, the pipe should be able to fulfil its function into operation 
with the required performances. For this reason, after welding, non- 
destructive testing of the weld is considered as a necessary step and a 
separate device (potentially integrated with the welding system) should 
be designed; however, the design of this device is out of the scope of this 
work and it is not considered in the current design of the welding tool. 
Nevertheless, the need of achieving a weld seam of sufficient quality 
remains. The choice of the welding technology was driven by quality 
aspects as well as by the feasibility of adopting an in-bore tool able to 
create the joint within the boundary conditions already mentioned in 
previous section. Several technologies have been investigated for the 
welding of AISI 316L(N) steel [16]. The use of laser has already been 
reported extensively for relatively small thicknesses in nuclear appli
cations but the technology could be used also for larger thicknesses even 
without filler material [17,18]. Fang et al. [19] reported that a plate 15 
mm in thickness was successfully welded using laser on an ITER-grade 
austenitic stainless steel (AISI 316LN) in a single pass and without a 
filler wire. TIG welding, also known as Gas Tungsten Arc Welding 
(GTAW), is a well-known and established technology for joining 
austenitic stainless steel with high quality of welds, relatively low dis
tortions induced in the material if compared to other arc welding 
technologies [15]. TIG welding brings also benefits in terms of minimum 
spattering produced together with a relatively wide tolerance to gap and 
misalignment in butt joints if compared to laser welding. For the 

conceptual design of the welding tool, TIG was considered as the most 
reliable and suitable technology within prescribed requirements and 
constraints. Due to the relatively large thickness of the pipe wall, a 
multi-pass welding operation was assumed. The first pass should create a 
weld bead along the root in the Y-shaped groove with a minimum 
penetration depth equal to h (Fig. 2). Subsequent passes shall fill the 
groove with a specific torch trajectory that varies in each welding pass. 
In fact, in order to correctly move into the groove, the tungsten tip 
should not only rotate around the pipe axis but it should move also along 
the axial and the radial directions. To allow a 360◦ continuous rotation, 
a rotary manifold for the shielding gas, the cooling water for the torch, 
the electric power was designed (Fig. 6e) starting from off-the-shelf 
components already available on the market. In Fig. 7a detail view of the 
lower end of the welding tool is depicted. 

The volume VF to be filled by filler material in the groove created by 
the bevelling operation (Fig. 1) can be calculated according to Eq. (2): 

VF = 2π
[

1
3
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OD
2

− h
)3

−
1
3

(
ID
2

)3

−
ID2

4
(t − h)

]

tanα (2)  

where all the symbols have the same meaning used in Eq. (1) for the 
cutting tool. For each pipe, a mass of approximately 600 g of filler 
material is required that corresponds to approximately 90 m of a filler 
wire with a 1 mm diameter. The capacity of conventional spools for 
welding operation with a feasible diameter (smaller than the pipe ID) is 
too small if the welding tool has to work for more than one pipe. For this 

Fig. 5. Detail of the reduction gear of the cutting system: (a) pinion (one of 
three), (b) air cushion feeding pipe, (c) hollow shaft, (d) internal cylindri
cal gear. 

Fig. 6. Welding system for in-bore operation and main components: (a) drum 
for filler wire, (b) wire feeder, (c) electric motor for pushing the friction pads 
against the pipe inner wall, (d) supporting unit (6 friction pads), (e) rotary 
manifold for electric supply, cooling water and assisting gas, (f) motion system 
for radial and axial translation of the torch, (g) electric motor for axial rotation 
of the welding torch. The design of the nozzle for the filler wire is under 
development and is not depicted in this figure. 
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reason, a drum (Fig. 6a) for the filler wire was designed in the upper part 
of the system. A motorized wire feeder (Fig. 6b) shall provide the wire to 
the torch on the opposite end of the system. 

For engaging the system against the pipe inner walls and keeping it in 
position during the welding process, a supporting unit similar to the 
cutting tool was designed (Fig. 6d) with an electric actuator to engage 
the friction pads. 

Calculations about the needed electric power is under development 
assuming a welding current around 200 A and a voltage around 10–15 
V. Besides the net electric power at the welding torch, auxiliary systems 
with their required power have to be considered. Main auxiliary systems 
are (i) a chiller for the cooling water running through the welding torch, 
(ii) the motion system (for rotation around the pipe axis and translation 
along the pipe axis and in the radial direction), (iii) the wire feeder and 
(iv) the hot wire system to increase the deposition rate (v) the shielding 
gas delivery system and (vi) a real time monitoring of the welding 
process (for example seam tracking, temperature measurement). 

5. Concluding remarks 

Two conceptual designs for the in-bore cutting tool and for the in- 
bore welding tool have been developed for DN200 pipes. Mechanical 
cutting and arc welding have been chosen as candidate processing 
technologies in the DEMO scenario within the prescribed boundary 
conditions. 

The two designs need further work to cover some open issues. Crit
ical aspects are mainly related to the lack of specific information and 
technical commercially available solutions for the particular applica
tion. To refine the designs, several uncertainties have to be solved and 
first prototypes of the tools, even in a simpler configuration than the real 
one, could help in achieving this goal. The design activities are still in 
progress to address the structural integrity and behaviour of the tools 
during the tasks. Moreover, test prototypes are needed to address the 
design feasibility and to collect experimental data for future reliability 
analyses. Once these data will be available, further design refinement 
steps will be performed, also in terms of the final choice of the typology 
of the motors (pneumatic or electric) according to a more accurate 
estimation of the needed torque for the IBCT. 

The prototyping activities already programmed are also aimed at 
designing and testing a control system able to manage the in-bore tools. 

While the solution proposed can be scaled up for working with larger 
thicknesses and larger pipe diameters, for smaller diameter and thick
ness values, for instance for the DN90 pipes, other solutions are under 
investigation since different solution can be adopted for smaller thick
nesses even with a stricter space constraint. 
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